INTRODUCTION {#h0.0}
============

Iron is an essential trace element for most life forms, occupying key positions in diverse metalloenzymes, spanning those involved in energy-yielding reactions to those critical for cellular defense ([@B1][@B2][@B3]). In the context of infections, the iron requirement of pathogens has resulted in an evolutionary arms race between host and microbe to sequester and obtain iron, respectively ([@B4]). The outcome of the infection depends on who wins this race: for example, iron can promote the formation of biofilms, complex microbial structures that are physiologically resistant to common antibiotics ([@B5][@B6][@B7]). Iron commonly exists in one of two oxidation states: the oxidized form, ferric iron \[Fe(III)\]; or the reduced form, ferrous iron \[Fe(II)\]. Fe(III) predominates in oxic environments, whereas Fe(II) is more stable under hypoxic and/or reducing conditions, with its ionic form (Fe^2+^) predominating at low pH and reduction potential (Eh) ([@B8]). While Fe(III) uptake systems have been the focus of most mechanistically oriented studies, growing attention has been placed on the importance of Fe(II) sensing and uptake by pathogens. For example, Pseudomonas aeruginosa, the opportunistic pathogen renowned for causing chronic pulmonary infections in CF patients, contains an Fe(II)-specific two-component system, BqsRS ([@B9]); Haemophilus influenzae, another respiratory tract pathogen, contains a different Fe(II)-responsive two-component system, FirRS ([@B10]).

Recently, we reported average per patient micromolar concentrations of Fe(II) in the mucus-filled environment of the lungs of cystic fibrosis (CF) patients ([@B11]). While the average value of sputum Fe(II) from patients at advanced stages of disease progression was \~40 µM, considerable variation existed between samples, with many presenting values greater than 100 µM and some over 200 µM. Fe(II), not Fe(III), correlated with severe lung function decline, with statistical significance comparable to or greater than that of other inflammatory indices ([@B12], [@B13]). While the presence of high Fe(II) concentrations in the lung may seem paradoxical given it is the site for oxygen exchange into the bloodstream ([@B14]), this finding is consistent with several studies that have found the CF mucus environment to contain hypoxic, if not anoxic, niches ([@B15], [@B16]). It is perhaps not coincidental that BqsRS-containing members of the *Pseudomonadaceae* are commonly found in soils and sediments ([@B17]), where Fe(II) can reach low micromolar concentrations ([@B18]). This environmental reservoir, together with the high Fe(II) concentrations found in sputum, may help contextualize why BqsRS is present in all sequenced strains of P. aeruginosa and why *bqsS* transcripts were detected in the majority of CF sputum samples tested ([@B11]).

With Fe(II) as a significant component of the CF lung environment and extracellular Fe(II) sensing predicted to be a conserved trait among diverse members of the *Pseudomonadaceae*, it is important to understand how P. aeruginosa responds to Fe(II). Other members of the *Pseudomonadaceae* (e.g., Azotobacter vinelandii) also contain BqsRS homologs, further motivating studies to better characterize this sensory system. P. aeruginosa has one of the largest regulatory networks of any bacterial species, which allows it to precisely control its response to a variety of environmental stimuli ([@B19]). The two-component system BqsRS was originally discovered as an effector of biofilm dissolution and quorum sensing ([@B20]); in a study using zebrafish embryos to screen two-component systems in P. aeruginosa for phenotypes, BqsS was shown to significantly impact the establishment of infection in the zebrafish host ([@B21]). When the trace metal concentration in the medium was controlled by chelation, we showed that BqsRS responds specifically to extracellular Fe(II) at concentrations exceeding 10 µM ([@B9]). However, while our previous study identified the *bqs* operon and a small number of BqsR-regulated genes, it did not define the BqsR regulon.

Because *bqsS* transcripts are detectable in CF sputum from patients with chronic P. aeruginosa infections, we wondered whether the BqsRS regulon might control factors that affect its adaptation to the Fe(II)-replete environment of CF sputum. We are broadly interested in understanding how P. aeruginosa survives under conditions relevant to the microenvironment of chronic infections, including anoxia and antimicrobial stressors. Here, we sought to gain insight into how BqsS senses Fe(II) and how BqsR controls gene transcription. We identified the BqsRS regulon through bioinformatic, genetic, and biochemical approaches and tested predicted phenotypes. This study expands our knowledge of how P. aeruginosa responds to Fe(II) and suggests that a common mechanism helps protect the cell against Fe(II) and other cationic stressors, including certain clinically relevant antibiotics.

RESULTS {#h1}
=======

Fe(II)-sensing residues. {#s1.1}
------------------------

Under standard laboratory conditions, the BqsRS system is specifically sensitive to extracellular Fe(II) and not other dipositive cations ([@B9]). Multiple bacterial protein prediction programs (TMpred \[[@B22]\] and DAS \[[@B23]\]) predict the sensor kinase BqsS to be a two-pass transmembrane protein with a periplasmic region containing an RExxE motif ([Fig. 1A](#fig1){ref-type="fig"}). A similar motif is present in a variety of iron-binding proteins; an HExxE motif is found in the Fe(III)-sensing *Salmonella* PmrAB two-component system ([@B24]), and an RExxE motif is present in the yeast Ftr iron permease ([@B25]). To determine whether the RExxE motif is involved in Fe(II) sensing, we generated strains with substitutions in these residues in a Δ*bqsS* mutant background. Alleles with substitutions in the RExxE residues were created and expressed from a chromosomal insertion at the *glmS* locus comprised of the *bqs* promoter and the *bqsS* gene. Activation of the BqsS variants in the presence of Fe(II) was measured by following the transcriptional response of *bqsP*, the first gene in the *bqs* operon, to 200 µM Fe(II) \[here referred to as "Fe(II) shock"\]. When the glutamates at positions 45 and 48 in BqsS were replaced with alanine (RAxxA) or serine (RSxxS), the transcriptional Fe(II) response was completely abolished. No change was seen in the levels of *bqsP* in these mutants, as for the Δ*bqsS* negative control ([Fig. 1B](#fig1){ref-type="fig"}). The arginine residue at position 44 is also critical: when this amino acid was replaced with alanine (AExxE), the Fe(II) shock response decreased by 98%, and when replaced with histidine (HExxE), the response was abolished. None of the site-directed mutants responded to Fe(III) shock ([Fig. 1C](#fig1){ref-type="fig"}). Fe(II) sensing thus appears to be mediated through the periplasmic RExxE motif in BqsS.

![BqsS senses Fe(II) through the RExxE motif. (A) Model of BqsS activation by Fe(II) through the periplasmic RExxE motif and signal transduction to BqsR. This model is based on analogy to similar two-component systems ([@B54]). (B) Point mutations of the RExxE motif in BqsS show a decreased transcriptional response to Fe(II), suggesting that this may be the binding site of ferrous iron. From left to right, the bars show the log~2~-fold change in the *bqsP* (the first gene in the *bqs* operon) WT, Δ*bqsS*, *bqsS-c* (Δ*bqsS*::p*bqs*-*bqsS*), RAxxA (Δ*bqsS*::p*bqs*-RAxxA), RSxxS (Δ*bqsS*::p*bqs*-RSxxS), AExxE (Δ*bqsS*::p*bqs*-AExxE), and HExxE (Δ*bqsS*::p*bqs*-HExxE) strains. (C) Point mutations of the RExxE motif in BqsS show no transcriptional response to Fe(III). From left to right, the bars show the log~2~-fold change in the *bqsP* (the first gene in the *bqs* operon) WT, Δ*bqsS*, *bqsS-C* (Δ*bqsS*::p*bqs*-*bqsS*), RAxxA (Δ*bqsS*::p*bqs*-RAxxA), RSxxS (Δ*bqsS*::p*bqs*-RSxxS), AExxE (Δ*bqsS*::p*bqs*-AExxE), and HExxE (Δ*bqsS*::p*bqs*-HExxE) strains.](mbo0011521850001){#fig1}

BqsR consensus DNA binding site. {#s1.2}
--------------------------------

Having identified some of the key BqsS residues responsible for Fe(II) sensing, we sought to elucidate the BqsR DNA binding sequence. Previously, we performed a microarray experiment to determine whether there were genes uniquely upregulated in response to Fe(II) rather than Fe(III) or other dipositive cations ([@B9]). Not only did this experiment reveal the existence of the BqsRS system, it also alluded to genes that might be under its control. By inputting the 500-base-pair region upstream from the five most upregulated genes in the microarray ([@B9]) into the motif search program MEME ([@B26]), we generated putative consensus DNA binding motifs. BqsR belongs to the OmpR-like class of two-component systems, the most common type ([@B27]), in which the response regulator contains a phosphoreceiver domain and an effector domain. Members of this class of response regulators, such as OmpR and PhoP, are known to bind tandem repeat DNA sequences ([@B28], [@B29]). Accordingly, we reasoned that the most likely predicted BqsR DNA motif consisted of a 5-bp tandem repeat with 6 intervening nucleotides (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material); we went on to test this biochemically and through iterative bioinformatic and transcriptional measurements.

Gel shift assays proved BqsR binds specifically to the MEME-predicted tandem repeat DNA sequence. Because the *bqs* operon is autoregulated ([@B9]), we incubated purified BqsR with a synthetic 60-bp DNA sequence from the *bqs* promoter region containing the tandem repeat. The native sequence contains one nucleotide substitution in the perfect tandem repeat consensus DNA sequence. Both the perfect tandem repeat ([Fig. 2A](#fig2){ref-type="fig"}) and the native tandem repeat (see [Fig. S1B](#figS1){ref-type="supplementary-material"}) showed decreased mobility with increasing protein concentrations on a native polyacrylamide gel, indicating BqsR-bound DNA. To ensure this was a sequence-specific shift, BqsR was incubated with the 56-bp sequence in the *tonB* promoter containing a Fur box (a palindromic sequence with no homology to the predicted BqsR box) with flanking 20-bp DNA regions. No shift was observed for the *tonB* sequence with the same concentrations of BqsR (see [Fig. S1C](#figS1){ref-type="supplementary-material"}). To determine whether the BqsR box was sufficient to bind BqsR, we placed the *bqs* tandem repeat into a *tonB* context by exchanging the flanking *bqs* 20-bp regions with those flanking the Fur box from the *tonB* promoter (see [Fig. S1D](#figS1){ref-type="supplementary-material"}). This hybrid sequence also showed a similar BqsR concentration-dependent decrease in mobility, signifying that the *bqs* tandem repeat is sufficient for BqsR binding. As a final control, we randomized the *bqs* tandem repeat sequence while preserving its GC content ([Fig. 2A](#fig2){ref-type="fig"}); there was no shift with increasing BqsR concentration, demonstrating that the 5-bp *bqs* tandem repeat is necessary and sufficient for BqsR binding. While these experiments were performed without chemically phosphorylating BqsR (acetyl phosphate failed to generate stable phosphorylated BqsR), we would expect that phosphorylated BqsR would increase its affinity for DNA containing the BqsR box, as has been observed for other response regulators ([@B30]).

![BqsR binds to a bioinformatically predicted tandem repeat that overlaps with the RNA polymerase binding site and appears to be activated by phosphorylation. (A) Gel shift assays demonstrate that BqsR binds to the specific tandem repeat TTAAG(N)~6~TTAAG and within the same flanking DNA sequence does not bind to a randomized tandem repeat with the same binding energy. (B) By determining the transcription start site of three genes, *bqsP*, PA14_04180, and PA14_04270, that are upregulated to different degrees by cRACE, it is evident that the BqsR binding site overlaps with the RNA polymerase -35 binding site. The box shaded dark gray highlights the translation start site; the light gray box indicates the -10 and -35 RNA polymerase binding sites; the white box with gray letters shows the BqsR binding sites. (C) In the Δ*bqsR* background, *bqsR*, *bqsR-*D51E (a phosphomimic), or *bqsR-*D51A (cannot be phosphorylated) were inserted into the *glmS* locus under a constitutively active promoter. Cells were grown in 100 µM Fe(II) and 1 µM Fe(II), and transcription of *bqsP* was measured by qRT-PCR. The light-gray bar shows native *bqsR* activation by comparing expression between 100 µM Fe(II) and 1 µM Fe(II). The dark-gray bar shows expression of *bqsP* in *bqsR*-D51E in 1 µM Fe(II) to native *bqsR* grown in 1 µM Fe(II). The white bar compares expression of *bqsP* in *bqsR*-D51A in 100 µM Fe(II) to native *bqsR* grown in 1 µM Fe(II). Because the D51E phosphomimic mutant activation is similar to WT activation and D51A shows no upregulation, the phosphorylated form of BqsR likely binds DNA and activates transcription.](mbo0011521850002){#fig2}

Promoter architecture and BqsR activation mechanism. {#s1.3}
----------------------------------------------------

To obtain a more finely resolved picture of how BqsR interacts with promoter regions---specifically, to identify where BqsR binds with respect to the RNA polymerase binding site---we performed rapid amplification of cDNA ends (cRACE) on three representative BqsR-regulated genes (PA14_04180, *bqs* operon, and PA14_04270) with a range of induced expression levels from high to low ([Fig. 2B](#fig2){ref-type="fig"}). Using the transcription start sites identified by cRACE, we could identify the -10 and -35 RNA polymerase binding sites. For both PA14_04180 and the *bqs* promoter, the -35 RNA polymerase binding site overlaps with one of the BqsR tandem repeat sites. PA14_04270 contains two transcription start sites, of which the most upstream site's -35 position also overlaps with the BqsR binding site.

Because the BqsR DNA binding site overlaps with the RNA polymerase binding site, we wondered whether BqsR acts as a classical transcriptional activator. Previously, it has been shown that transcription factor binding sites that overlap the -35 RNA polymerase sigma binding site can activate transcription by helping recruit RNA polymerase to the promoter ([@B31]). To test whether BqsR serves as an activator *in vivo*, we replaced the conserved phospho-acceptor aspartate with a glutamate to mimic a constitutively phosphorylated response regulator, or we changed the aspartate to an alanine to prevent the response regulator from being phosphorylated; this experimental design assumes functional conservation between BqsR and other two-component regulators at this residue ([@B32][@B33][@B34]). *bqsR* alleles containing one of these mutations were placed under the control of a constitutive weak promoter at a neutral site ([@B35]), in the Δ*bqsR* mutant background. The expression level of a BqsRS-regulated gene (*bqsP*) in the strain carrying the phosphomimic mutant should indicate the function of the activated BqsR, and its expression level in the nonphosphorylatable mutant should indicate the function of the unphosphorylated form. The D51E mutant is constitutively activated and, when grown in 1 µM Fe(II), shows transcript levels similar to those of wild-type (WT) cells grown in 100 µM Fe(II); the D51A mutant does not enhance *bqsP* expression under any condition ([Fig. 2C](#fig2){ref-type="fig"}). This suggests that BqsR is an activator when phosphorylated. Consistent with this interpretation, the *ΔbqsR* strain does not induce the BqsR regulon. Together, these *in vivo* data suggest that BqsRS is a classical two-component system, with the Fe(II) signal presumably causing BqsS to phosphorylate BqsR and phosphorylated BqsR binding DNA to activate a transcriptional response; this remains to be proven biochemically.

Predicted BqsR regulon. {#s1.4}
-----------------------

Having validated the predicted BqsR binding motif, we searched the genome to identify candidate BqsR-regulated genes using two strategies. First, we used a regular expression approach. We selected the most common variants of the *bqs* tandem repeat consensus sequences by eye from our initial position weight matrix (PWM) (see [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). A representative regular expression sequence was TTAMG(N)~4--8~TTAMG, which assumed no preference for the nucleotides between the tandem repeat sequences ([Fig. 3A](#fig3){ref-type="fig"}). We then searched the intergenic regions of the PA14 genome for matches to these regular expressions using the Motif Search tool available on the *Pseudomonas* Genome Database ([@B36]). The final PWM ([Fig. 3B](#fig3){ref-type="fig"}) was reached through multiple rounds of generating new lists of potential BqsR-regulated genes, verifying new members of the regulon by reverse transcriptase quantitative PCR (qRT-PCR) and adding the upstream regions to the MEME input to generate a refined PWM (see Materials and Methods in the supplemental material). This PWM identified approximately 75 genes, while the regular expression approach identified 62 gene targets. Genes identified through both methods were annotated using information from a variety of databases (see [Dataset S1](#dataS1){ref-type="supplementary-material"} in the supplemental material) and classified by David ([@B37]) ([Table 1](#tab1){ref-type="table"}). A subset of these were tested by qRT-PCR if they met one of three criteria: (i) found in both the regular expression approach and the PWM-based approach ([Fig. 3C](#fig3){ref-type="fig"}); (ii) present in a cluster of genes with similar function ([Table 1](#tab1){ref-type="table"}); or (iii) had an E value of less than 50 from the PWM approach (see [Dataset S1](#dataS1){ref-type="supplementary-material"}). This high E value was chosen to obtain the broadest possible set of putative BqsR-regulated genes.

![Bioinformatic predictions of the BqsR regulon. (A) Motifs reflecting the search parameters used to manually search (using regular expressions) the intergenic regions of the PA14 genome. (B) Final position-weight matrix based on genes with BqsR-dependent qRT-PCR-verified upregulation in high Fe(II) concentrations. (C) A Venn diagram depicting in circle A the number of genes predicted by the regular expression motif and in circle B the number of genes predicted through the qRT-PCR-generated PWM given in [Dataset S1](#dataS1){ref-type="supplementary-material"} in the supplemental material. There was substantial overlap between the proposed regulons of the regular expression PWM and the qRT-PCR-generated PWM. (D) qRT-PCR validation of 5 genes predicted to be BqsR regulated, *oprH*, *arnB*, PA14_04250, PA14_32590, and PA14_63110, with 2 negative controls (marked by \*) without the BqsR tandem repeat, *gidA* and PA14_44560*.* White bars correspond to WT, gray bars to the *ΔbqsR* strain.](mbo0011521850003){#fig3}

###### 

Broad predicted functions of genes identified by either regular expression or the PWM approach based on homology of their gene products to known proteins and categorized by David

  Function                                 No. of genes[^a^](#ngtab1.1){ref-type="table-fn"}   \% annotation
  ---------------------------------------- --------------------------------------------------- ---------------
  Protease/hydrolase activity              15                                                  8.6
  Transposition, DNA metabolic process     3                                                   1.7
  (Poly)amine metabolism                   4                                                   2.3
  Metal binding/hydrolase                  14                                                  8.0
  Protein complex assembly                 3                                                   1.7
  Outer membrane/envelope                  6                                                   3.4
  Metabolism/regulation                    50                                                  28.7
  RNA metabolic process                    3                                                   1.7
  Signal transducer/two-component system   5                                                   2.9
  Membrane/transport                       18                                                  10.3
  Redox/cofactor binding                   11                                                  6.3
  ATPase/nucleotide binding                6                                                   3.4
  Transferase activity                     7                                                   4.0
  Intracellular                            3                                                   1.7
  23S RNA                                  4                                                   2.3
  Hypothetical                             22                                                  12.6

Some genes fit into two categories.

All of the previously identified Fe(II)-responsive genes ([@B9]) showed BqsR-dependent upregulation with Fe(II) shock when tested by qRT-PCR. While some of these predicted genes appeared in our earlier microarray study ([@B9]), that study was performed only in the WT in exponential phase, and the transcriptional response observed aggregated all direct and indirect effects of Fe(II) shock, not only those specific to BqsR. Five out of 12 newly predicted genes showed a BqsR-dependent Fe(II) shock response ([Fig. 3D](#fig3){ref-type="fig"}) in early exponential phase. Several of these genes have known or predicted functions involving cell stress resistance, polyamine biosynthesis/transport, or polymyxin resistance in P. aeruginosa strains. For example, *oprH*, a small outer membrane porin, is part of an operon containing the two-component system *phoPQ*, and all three genes are linked to polymyxin resistance ([@B38]). *oprH* is thought to stabilize the outer membrane, while *phoPQ* is upregulated by phosphate and Mg^2+^ limitation and contributes to resistance to polymyxins among other cationic antimicrobials ([@B38], [@B39]). *arnB* is the first gene of the operon *arnBCADTEF*, which together synthesize an aminoarabinose derivative covalently attached to lipid A, preventing electrostatic interaction of the polymyxin amine groups with the phosphates in the lipopolysaccharide (LPS) ([@B40]). PA14_04220 through PA14_04250 form an operon with structure and functional homology similar to those of the *potABCD* operon, a known spermidine/putrescine transporter ([@B41]). Finally, PA14_63110 is in an operon with PA14_63120, PA14_63130, and *pmrAB*, as confirmed by RT-PCR (see [Fig. S2](#figS2){ref-type="supplementary-material"}). PA14_63110 and PA14_63120 are predicted spermidine synthesis genes ([@B42]), and *pmrAB*, while unresponsive to Fe(III) in P. aeruginosa (unlike Salmonella enterica serovar Typhimurium) ([@B43]), has been shown to regulate genes that partially overlap the *phoPQ* regulon ([@B44]). PmrAB has also been shown to be involved in polymyxin resistance ([@B44]).

RNA-Seq. {#s1.5}
--------

Because our qRT-PCR analysis and previous microarray study ([@B9]) were limited in scope (i.e., focused on particular genes under a single condition), we performed an RNA-Seq experiment to identify a broader set of BqsR-regulated genes and validate our bioinformatics predictions. For this experiment, we compared the WT to the Δ*bqsR* strain grown anaerobically in Fe-limited conditions until deep stationary phase, when quorum sensing is active (validated by measuring rhamnolipid production) ([@B45]), and subsequently shocked with 200 µM Fe(II). We expected that some genes under this condition might be coregulated by quorum-sensing regulators, which we would have missed in our earlier experiments. We analyzed the RNA-Seq data in multiple ways: by calculating the reads per kilobase per million reads mapped (RPKM) for each gene and sRNA in the genome (see [Dataset S2](#dataS2){ref-type="supplementary-material"}) and by calculating this value for each predicted transcription unit as defined by Wurtzel et al. ([@B46]) (see [Dataset S3](#dataS3){ref-type="supplementary-material"}). Genes or transcriptional units that showed 2-fold-higher expression in the WT strain than in the mutant strain under the iron shock condition and had a false discovery rate (FDR) value less than 0.01 ([@B47]) were considered to be differentially expressed in a BqsR-dependent manner.

The regular expression approach predicted 10/29 of the transcriptional units upregulated by BqsR in the RNA-Seq data ([Fig. 3A](#fig3){ref-type="fig"}), and the PWM predicted 11/29 ([Fig. 3B](#fig3){ref-type="fig"}), together accounting for 38% of the transcriptional units upregulated by BqsR in the RNA-Seq data. The functional annotation tool of the David suite identified several categories among the genes upregulated in our RNA-Seq data set: metabolism/regulation (30%), membrane (14%), unclassified (11%), protease/protein metabolism (10%), (poly)amine metabolism (8%), hypothetical (8%), metal binding (6%), localization (5%), outer membrane (4%), and redox (4%). We note that growth conditions impact the expression of the BqsR regulon. For example, qRT-PCR data showed that PA14_04250 has BqsR-dependent upregulation in early exponential phase but not in deep stationary phase; in contrast, *napE* is expressed in deep stationary but not in early exponential phase. Thus, the list of BqsR-regulated genes presented in [Datasets S2](#dataS2){ref-type="supplementary-material"} and [S3](#dataS3){ref-type="supplementary-material"} in the supplemental material likely represents a subset of the genes under its control.

Phenotypic response to Fe(II). {#s1.6}
------------------------------

Because much of the BqsR regulon is consistently upregulated upon Fe(II) exposure, this allowed us to identify phenotypes potentially under BqsRS control. Our first prediction was that BqsRS promotes cell tolerance of high Fe(II) levels. To test this, we compared the growth of the WT, Δ*bqsR*, and Δ*bqsS* strains in minimal medium under conditions in which BqsRS is inactive \[5 µM Fe(II)\] and conditions in which BqsRS is active \[100 µM Fe(II)\] ([@B9]). In the presence of low iron \[5 µM Fe(II)\], the strains grew similarly, whereas at high iron \[100 µM Fe(II)\], the Δ*bqsR* and Δ*bqsS* mutants showed significant growth defects compared to the WT ([Fig. 4A](#fig4){ref-type="fig"}). Complementation restored WT growth (see [Fig. S3A](#figS3){ref-type="supplementary-material"} in the supplemental material). The growth defect was also relieved by the addition of ferrozine, an Fe(II) chelator ([Fig. 4B](#fig4){ref-type="fig"}).

![Physiological defects in deletion mutants in BqsRS both in growth deficiencies and increased antibiotic susceptibility. For growth in MOMM shown in panels A and B, diamonds are for the WT, squares are for the Δ*bqsR* mutant, and triangles are for the Δ*bqsS* mutant. (A) At 5 µM Fe(II), all strains grow like the WT. At 100 µM Fe(II), a condition where BqsRS is normally active, the deletion mutants show a deficiency in growth in both lag phase and final density. (B) When 190 µM ferrozine, which chelates 2 ferrozine:1 Fe(II), is added to 100 µM Fe(II), leaving \~5 µM free Fe, the growth defect is abolished. Exogenous addition of 10 mM spermidine can also rescue the growth defect. (C) BqsR upregulates genes in both spermidine biosynthesis and transport. Spermidine production was measured by HPLC and reported in molecules of spermidine/OD~500~. The bars show spermidine production, from left to right, of the WT, Δ*bqsR*, Δ*bqsS*, and Δ*bqsRS* strains in 5 µM and 75 µM Fe(II). In high Fe(II), the deletion mutants produce significantly less spermidine. (D) Polymyxin B kill curves show percent survival of cells grown in 75 µM Fe(II) treated with polymyxin B over 2 h. The Δ*bqsR* mutant shown in light gray survived an order of magnitude less than the WT, shown in dark gray. (E) The structure of compounds used in this study at pH 7.2. Cationic structures include spermidine, the general polymyxin structure, and tobramycin (an aminoglycoside). Anionic compounds shown are cefsulodin (a β-lactam), arsenate, and chromate.](mbo0011521850004){#fig4}

A striking aspect of the BqsR regulon is that many of its genes are predicted to play a role in polyamine biosynthesis and transport. For instance, decarboxylation of *S*-adenosylmethionine is predicted to be catalyzed by PA14_63110, and, subsequently, an amine group from *S*-adenosyl-[l]{.smallcaps}-methioninamine is transferred to putrescine by PA14_63120 to form spermidine. Transposon mutants of members of this operon, PA14_63110, PA14_63120, and *pmrA*, also show a moderate growth defect in high Fe(II) concentrations (see [Fig. S3B](#figS3){ref-type="supplementary-material"}). As mentioned previously, PA14_04220 through PA14_04250 are predicted to encode a spermidine/putrescine-specific transporter ([@B48]), and the PA14_04190 through PA14_04210 operon (induced in the RNA-Seq experiment) is also predicted by COG ([@B49]) to encode a polyamine transporter. Given that PA14_63110 and PA14_63120 homologs in P. aeruginosa PAO1 have been shown to promote outer membrane stability ([@B50]), we hypothesized that spermidine might protect the cell from anaerobic Fe(II) toxicity by electrostatically repelling the ferrous ion from the cell surface and intracellular components. Consistent with this hypothesis, the mutants' growth defect was partially rescued by exogenous addition of 5 mM spermidine (see [Fig. S3C](#figS3){ref-type="supplementary-material"}) and fully rescued by 10 mM spermidine ([Fig. 4B](#fig4){ref-type="fig"}). Whether other polyamines can provide similar protection remains to be determined.

Because exogenous spermidine protected the mutants, we reasoned that the *bqsR* and *bqsS* deletion mutants were deficient in spermidine production in the presence of high Fe(II) concentrations. High-performance liquid chromatography (HPLC) analysis of polyamine extracts taken from cell lysate showed that the mutants produced approximately 50 to 66% as much spermidine as the WT when grown in the presence of 75 µM Fe(II) ([Fig. 4C](#fig4){ref-type="fig"}), whereas no significant difference in spermidine production was observed between the WT and the *ΔbqsR*, *ΔbqsS*, and *ΔbqsRS* strains in 5 µM Fe(II). Interestingly, for the WT, the total amount of spermidine in the culture did not increase from the 5 µM to the 75 µM Fe(II) growth condition.

Previous studies have indicated that spermidine can protect P. aeruginosa from several classes of cationic antimicrobials ([@B42], [@B50]). Additionally, BqsR-upregulated genes, such as *pmrAB*, *arnB*, *oprH*, and *phoPQ*, have been demonstrated to be involved in polymyxin resistance ([@B19], [@B44]). Accordingly, we tested susceptibility to polymyxin B by comparing killing curves of WT and Δ*bqsR* strains grown in 75 µM Fe(II) to late exponential phase ([Fig. 4D](#fig4){ref-type="fig"}). Typically, polymyxin survival assays are performed in aerobic conditions in rich medium, whereas our assays were performed anaerobically in minimal medium, where the doubling time is 4 to 10 times longer. This accounts for the increased time scale in the killing curve. After an hour of incubation at 37°C with 25 µg/ml polymyxin B, differences in WT and Δ*bqsR* mutant survival were observed. After 2 h, 3.7% of the WT survived, whereas only 0.14% of the Δ*bqsR* mutant survived. When complemented, the Δ*bqsR* strain behaved like the WT. Additionally, we observed a distinct morphological difference between WT and Δ*bqsR* colonies. The Δ*bqsR* colonies treated with polymyxin B varied greatly in size, and several satellite colonies could be seen (see [Fig. S4A](#figS4){ref-type="supplementary-material"}). We therefore counted the total number of colonies but kept track of the percentage of large and small. After 24 h of incubation, half of the Δ*bqsR* colonies visible after 48 h were unobservable; counting solely colonies larger than a pinprick at this time point, we observed 0.07% survival for the Δ*bqsR* mutant compared to 3.0% survival in the WT (see [Fig. S4B](#figS4){ref-type="supplementary-material"}). [Figure 4D](#fig4){ref-type="fig"} shows survival calculated from final cell counts after 48 h of incubation. Δ*bqsR* mutant water-treated control and WT polymyxin B-treated cells showed consistent colony morphology after 24 h of incubation.

To test the hypothesis that BqsRS provides specific protection against diverse cationic stressors when activated by Fe(II), we performed MIC~90~ assays of both cationic and anionic stressors ([Table 2](#tab2){ref-type="table"}). Due to differences in growth rate and lag phase between the WT and Δ*bqsR* strains in 75 µM Fe(II), we analyzed the MIC~90~ experiments at the time point where each strain achieved its maximum optical density in MOPS minimal medium (MOMM) without the stressor. Under these conditions, there was no MIC difference between the WT and Δ*bqsR* strains at 5 µM Fe(II) for any of the stressors, as expected, because this concentration is below the activation threshold for BqsRS*.* Only in the case of tobramycin, a cationic aminoglycoside ([Fig. 4E](#fig4){ref-type="fig"}), a significant difference could be seen at 75 µM Fe(II) ([Table 2](#tab2){ref-type="table"}). When treated with tobramycin, 75 µM Fe(II), and 140 µM ferrozine (two ferrozines chelate one iron, leaving \~5 µM free Fe), both the Δ*bqsR* and WT strains had the same MIC (see [Fig. S4C](#figS4){ref-type="supplementary-material"}). Negatively charged stressors tested included cefsulodin (1 negative charge) ([@B51]), potassium chromate (2 negative charges), and sodium arsenate (1 or 2 negative charges; pK~a~, 7.03). For both chromate and arsenate, the MIC was the same for both strains regardless of the Fe(II) concentration. For cefsulodin, the MIC differed depending on the Fe(II) concentration, a phenomenon that has been observed elsewhere ([@B52]); however, consistent with our hypothesis, BqsR did not affect the sensitivity level.

###### 

BqsRS guards against cationic but not anionic stressors[^a^](#ngtab2.1){ref-type="table-fn"}

  -------------------------------------------------------------------------
  Strain           MIC~90~            Stressor           Stressor's\   
                                                         charge        
  ---------------- ------------------ ------------------ ------------- ----
  PA14             2 (µg/ml)          **1--2 (µg/ml)**   Tobramycin    \+

  Δ*bqsR* mutant   1 (µg/ml)          **0.25 (µg/ml)**   Tobramycin    \+

  PA14             256--512 (µg/ml)   8--16 (µg/ml)      Cefsulodin    −

  Δ*bqsR* mutant   256 (µg/ml)        8 (µg/ml)          Cefsulodin    −

  PA14             2--4 mM            2--4 mM            HArO~4~^−^    −

  Δ*bqsR* mutant   2--4 mM            2--4 mM            HArO~4~^−^    −

  PA14             250 µM             250--500 µM        CrO~4~^−^     −

  Δ*bqsR* mutant   250 µM             250--500 µM        CrO~4~^−^     −
  -------------------------------------------------------------------------

MIC assays were performed for the WT and Δ*bqsR* strains under anaerobic conditions at two different iron concentrations for tobramycin, cefsulodin, arsenate, and chromate. Numbers in bold highlight where the absence of BqsR makes a difference.

DISCUSSION {#h2}
==========

Characterizing the environment that pathogens encounter within the human host can help us understand their behavior. This principle is illustrated by connecting the output of the BqsRS regulatory system to the chemical context of CF sputum. Our research suggests that Fe(II) is an important environmental variable that P. aeruginosa senses through BqsRS, leading to a response that helps it cope not only with elevated Fe(II) concentrations but multiple cationic stressors within the CF lung environment.

The ability of BqsRS to specifically respond to Fe(II) is an interesting example of metal selectivity ([@B9]). Our results indicate that BqsS recognizes Fe(II) via the RExxE motif in its periplasmic domain, based on analogy to other Fe-sensing proteins. Although it is unusual for glutamates to prefer Fe(II) to Fe(III), the strongly positive arginine may tune the ligand environment to prefer the less positively charged Fe(II) over Fe(III). While PmrB from S. typhimurium senses Fe(III) rather than Fe(II) through a similar motif (HExxE), Pseudomonas PmrB does not bind Fe(III) ([@B43]). The Pseudomonas PmrB has a 32% amino acid similarity to Salmonella, yet the Fe(III)-binding domain in Salmonella strains is missing in P. aeruginosa's PmrB. The Salmonella PmrB requires a distal serine in addition to the HExxE motif for Fe(III) binding ([@B24]). This suggests that other, less proximal residues may contribute to Fe(II) recognition by BqsS, particularly as arginine replacement by histidine or alanine is insufficient to convert BqsS to an Fe(III) sensor. HbpS from Streptomyces reticuli contains 8 ExxE Fe(II) binding sites, each with a required adjacent Arg or Lys (single point mutations of the R/K resulted in reduced activity even with 7 other intact binding sites) ([@B53]). This is consistent with the hypothesis that RExxE may directly bind Fe(II), and the R is a critical part of the Fe(II) binding event. The RExxE motif is just one strategy by which cells sense Fe(II): the FirRS system from H. influenzae utilizes a different motif, DYRED ([@B10]). Upon activation, two-component sensors can act as a kinase or a phosphatase to their cognate response regulators ([@B54]). BqsR prefers DNA binding sites that overlap RNA polymerase binding sites, suggesting that BqsR may help recruit RNA polymerase to promoter regions. As one of the few two-component systems for which the effector is known, BqsRS presents an attractive system for future biochemical studies to validate these predictions and explore the mechanisms of signal transduction.

Our primary goal in this study was to predict the biological response to extracellular Fe(II) mediated by BqsRS. Using iterative bioinformatic and experimental approaches to define BqsR regulon, we identified a set of approximately 100 genes potentially under BqsR control. Approximately a third of these genes encode proteins involved in stress tolerance, such as cation-binding, transport determinants, and lipopolysaccharide (LPS)-modulating proteins. Notably, several experimentally validated genes under BqsR control were annotated as playing a role in polyamine synthesis and transport. Polyamines, including spermidine, are present in all cells and environments ([@B55]) and are known to stabilize DNA and RNA, enhance translation and transcription, control porin-mediated transport, and increase the stability of LPS ([@B41]). A variety of metals are known to bind LPS ([@B56]), and dipositive ions modulate polymyxin sensitivity through interactions with LPS ([@B57]). Growing evidence has revealed that Fe(II) can be toxic under anaerobic conditions ([@B58][@B59][@B60]).

Because Fe(II) is thought to enter the cell through outer membrane porins ([@B61], [@B62]), that *bqs* mutants are particularly sensitive to high levels of Fe(II) yet can be rescued by exogenous spermidine is not surprising. The *bqs* mutants synthesize less spermidine than the WT, and while over 5 mM exogenous spermidine (a concentration higher than the reported intracellular spermidine concentration of 1 to 3 mM in bacteria \[41\]) is necessary to fully rescue these mutants, this can be rationalized by the fact that exogenous supplementation is different from endogenous production and that spermidine production is only one of several responses mediated by BqsRS that potentially helps confer resistance to Fe(II). *P. aeruginosa* possesses two different spermidine synthesis operons: *speDE* (bacterial in origin) and PA14_63110/PA14_63120 (archaeal in origin). The bacterial *S*-adenosylmethonine decarboxylase, *speD*, requires a dipositive cation (most commonly Mg^2+^) for activity, whereas the archaeal homolog to PA14_63110 does not require a cation for activity (63). Because other metals may substitute for Mg^2+^ with reduced enzymatic activity ([@B63], [@B64]), we speculate that high Fe(II) perturbs intracellular metal homeostasis enough to reduce SpeD activity, accounting for the lower spermidine concentrations in the Δ*bqsR* and Δ*bqsS* mutants. At high Fe(II), BqsR induction of PA14_63110/PA14_63120 may compensate for SpeD's reduced activity, increasing the concentration of spermidine to homeostatic levels.

Given the plausible electrostatic mechanism underpinning polyamine-mediated resistance to Fe(II), we reasoned that BqsRS might also influence resistance to diverse cationic antibiotics but not anionic stressors. Previous studies have established that polyamines can mediate antibiotic resistance to cationic peptides, aminoglycosides, quinolones, and oxidative stress ([@B42], [@B50], [@B65], [@B66]). We show that *bqs* mutants exhibit increased sensitivity to tobramycin compared to the WT when stressed by high Fe(II) concentrations. In addition to the genes involved in spermidine production and transport, BqsRS upregulates other genes known to be involved in polymyxin resistance, such as *arnB* and *oprH*. Moreover, BqsRS activates *pmrAB* and *phoP*, which mediate polymyxin resistance in response to other environmental signals (limiting Mg^2+^/Ca^2+^ and phosphate starvation, respectively \[[@B50], [@B67]\]). The polymyxin B killing curve demonstrates that the Δ*bqsR* strain is more sensitive than the WT in high Fe(II) conditions. Thus, BqsRS may be a master regulator under anoxic, Fe(II)-replete conditions, exerting indirect effects via modulating the expression of other regulatory systems. That BqsRS mediates a specific response to cationic stressors in the presence of high Fe(II) concentrations is supported by its lack of an effect on resistance to the negatively charged stressors cefsulodin, arsenate, and chromate.

Beyond mediating resistance to cationic antibiotics, BqsRS elicits a cellular response that is broadly relevant to survival in an environment where Fe(II) is a dominant parameter. Fe(II) is stable in a well-defined subset of environmental conditions spanning a range of acidic and reducing conditions ([@B68]). It is well known that such microhabitats are present in soil environments, which are also replete with diverse natural products that have antibiotic activities ([@B69]). While the evolutionary history of the BqsRS system is unknown, we note that pseudomonads (including P. aeruginosa isolates) are commonly found in soil environments ([@B17]). Sensing Fe(II) as proxy for these conditions may allow the cell to modulate its behavior accordingly. Consistent with this hypothesis, the BqsR regulon includes genes that protect the cell against pH and redox stress. For example, BqsRS upregulates *dsbB*, which helps control disulfide bond formation in the periplasm ([@B70]) and carbonic anhydrase, which promotes acid tolerance ([@B71]). Intriguingly, the most upregulated gene in the BqsR regulon, PA14_04180 (upregulated \~4,000-fold), is a predicted periplasmic bacterial oligonucleotide/oligosaccharide-binding (OB-fold) protein that likely binds positively charged molecules. This suggests that the cell may perceive a significant proportion of the Fe(II) pool in cationic form, consistent with the dominance of this species at low pH and Eh.

In summary, the connection between Fe(II) sensing and a response that broadly protects the cell against diverse cationic molecules---including clinically relevant antibiotics---reminds us of the importance of considering environmental chemistry when exploring mechanisms of microbial survival in habitats that include the human body. Typically, CF patients are first treated with aminoglycosides, beta-lactams, or fluoroquinolones. As lung function declines, polymyxins are employed as a last line of defense due to their harmful side effects ([@B72]). It is worth exploring whether a combination of aminoglycosides and polymyxins in conjunction with Fe(II) chelators or novel molecules targeting BqsRS could potentially be administered at lower concentrations, reducing side effects and increasing drug efficacy.

MATERIALS AND METHODS {#h3}
=====================

Growth media. {#s3.1}
-------------

Escherichia coli was grown aerobically in LB supplemented with ampicillin 100 µg ⋅ ml^−1^ at 37°C. P. aeruginosa PA14 was grown both aerobically and anaerobically at 37°C in MOPS minimal medium (MOMM) in acid-washed glassware to ensure cells were Fe limited. The basic MOMM is composed of 40 mM succinate (C~4~H~4~Na~2~O~4~ ⋅ 6H~2~O), 9.3 mM NH~4~Cl, 2.2 mM KH~2~PO~4~, 25 mM KNO~3~, 25 mM NaNO~3~, 25 mM MOPS, 25 mM NaMOPS (pH 7.2). Additionally, immediately prior to inoculation, 100 µM CaCl~2~, 1 µM (NH~4~)~2~Fe(SO~4~)~2~ ⋅ 6H~2~O, 1 mM MgSO~4~, and trace metals were added ([@B73]). All PA14 cultures were prepared by overnight inoculation of MOMM with the desired strains, with shaking aerobically at 37°C. Cultures were grown aerobically into exponential phase (optical density at 500 nm \[OD~500~\] ≈ 0.4 to 0.6) in fresh MOMM and then grown anaerobically with 50 mM nitrate as the electron acceptor in a Coy chamber with an atmosphere of 80% N~2~, 15% CO~2~, and 5% H~2~. For anaerobic growth curves, biological triplicates of the WT and the deletion mutants were incubated in MOMM with 5 µM or 100 µM Fe(II). Anaerobic cultures were also grown with MOMM and 100 µM Fe(II) supplemented with 190 µM ferrozine, 5 mM spermidine, or 10 mM spermidine.

Ferrozine assay. {#s3.2}
----------------

The Stookey method ([@B74]) was modified for the 96-well-plate format to detect Fe(II) concentration. All measured Fe concentrations were within 5% of the reported value.

Cloning methods. {#s3.3}
----------------

Please see the details provided in the supplemental material.

BqsR purification. {#s3.4}
------------------

His~6~-BqsR was expressed heterologously in E. coli. BqsR was induced with 1 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) at exponential phase and shifted from 37°C to 16°C overnight. Cells washed twice with wash buffer (500 mM KCl, 20 mM imidazole, 10% glycerol, and 20 mM Tris \[pH 8\]). DNase (2.5 units ⋅ ml^−1^) lysate, 5 mM MgSO~4~, and 130 µM CaCl~2~ were added to the suspension. Cell lysate was loaded onto a HisTrap HP column (GE Healthcare). Column-bound BqsR was washed with 100 mM imidazole to remove contaminating proteins and eluted with 200 mM imidazole. BqsR was dialyzed in dialysis buffer (50% glycerol, 300 mM KCl, 40.1 mM K~2~HPO~4~, 9.9 mM KH~2~PO~4~ \[pH 7.4\]) and concentrated, and flash-frozen BqsR aliquots were stored at −80°C. These storage conditions reflect the fact that BqsR is an unstable protein. For further details, see the supplemental material.

Gel shift assays. {#s3.5}
-----------------

Various concentrations of BqsR were incubated with 5 nM double-stranded DNA (synthesized and purified by integrated DNA Technologies (IDT); both strands 5′ labeled with Cy5) in reaction buffer (15 mM KCl, 10% glycerol, 1 mM MgSO~4~, 50 mM, 40.1 mM K~2~HPO~4~, 9.9 mM KH~2~PO~4~ \[pH 7.4\]) for 20 min at room temperature and run on an 8% acrylamide gel (0.5× TBE, 29 acrylamide:1 bis-acrylamide \[Bio-Rad\]). Each of the given parameters were optimized to yield the cleanest gel shift, and yet some smearing remained despite these efforts, possibly influenced by the instability of BqsR. Attempts to chemically phosphorylate BqsR with acetyl-P to enhance binding affinity were unsuccessful, which is not unprecedented for two-component transcription factors ([@B75]). DNA was visualized with Storm 860 in fluorescence mode using the 635-nm excitation laser. For further details, see the supplemental material.

Transcription start site determination. cRACE was used as previously described ([@B76]). Briefly, total RNA was isolated from 20 ml Fe(II) shocked early exponential cells as described above. cDNA was generated using a gene-specific primer. The cDNA was ligated to adaptor DNA (WNp210) with an inverted 3′ T. A nested PCR was performed and TOPO cloned and sequenced by Sanger sequencing. For further details, see the supplemental material.

Point mutation growth conditions. {#s3.6}
---------------------------------

Aerobic cultures of P. aeruginosa PA14 complementation strains and point mutants were grown overnight in 5 ml MOMM. BqsR strains were inoculated into anaerobic 1 µM Fe(II) MOMM and 100 µM Fe(II) MoMM in triplicate. Anaerobic cultures were grown at 37°C until early exponential phase (Beckman Spec20 OD~500~ = 0.2) and harvested with 10 ml RNAprotect. BqsS strains were inoculated into 1 µM Fe(II) MOMM and shocked with 200 µM Fe(II) anaerobically and harvested with 10 ml RNAprotect.

Consensus sequence generation. {#s3.7}
------------------------------

To make an initial BqsR consensus DNA binding site prediction, the 500 bp upstream from the translation start site of the 5 most upregulated genes (*bqsP*, PA14\_ 04180, PA14\_ 04270, PA14\_ 01240, and PA14\_ 07070) discovered in an Fe(II)/Fe(III) shock microarray ([@B9]) were used as input sequences for the motif-finding program, MEME (version 4.9.0) ([@B26]). The MEME input parameters allowed for zero or one sequence repetition, and 3 motifs returned with 6 to 50 nucleotides per motif. This generated the position weight matrix (PWM) used as the basis for the gel shift assays (see the supplemental material). Several PWM were generated by adding the 500-bp upstream regions of newly qRT-PCR-verified BqsR-regulated genes to the list of MEME input sequences as the genes were identified. The final version of the PWM was generated with MEME (version 4.9.1). The MEME input parameters allowed for any number of sequence repetitions, 3 motifs returned with 6 to 50 nucleotides per motif, and the program searched the given strand only. For further details, see the supplemental material.

BqsR regulon prediction. {#s3.8}
------------------------

For the regular expression searching, we identified variants by selecting the most common sequences by eye from our initial PWM (shown in [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). For example, in [Fig. S1A](#figS1){ref-type="supplementary-material"}, position four in the first pentamer shows the most common nucleotides are A and C. Accordingly, our first regular expression was designed with this preference in a tandem repeat orientation, including a variable-length linker region (assuming no nucleotide preference in this region). The second regular expression kept the same sequence preferences for the first pentamer but considered a palindromic structure. The last regular expression was designed as a tandem repeat, only in this case we varied the sequence to reflect the preference shown in the second pentamer in the initial PWM (i.e., positions 12 to 16). Using these regular expressions, we searched the intergenic regions of the P. aeruginosa UCBPP-PA14 genome to identify potential BqsR-regulated genes (see [Dataset S1](#dataS1){ref-type="supplementary-material"}).

The PWMs were uploaded into the MAST (version 4.9.1) tool ([@B26]), with the upstream region database selected for the P. aeruginosa UCBPP-PA14 genome. The E value cutoff was set to 50, and each strand was treated separately since the motif is a tandem repeat (rather than a palindrome). Also, by searching the intergenic regions of the PA14 genome for the most common variants of the tandem repeat consensus sequence, assuming no preference for the 6 nucleotides between the tandem repeat sequences (regular expression), a list of potential BqsR-regulated genes were identified. These upstream regions were then analyzed by MEME and MAST to generate the most broadly predicted BqsR regulon. We deliberately cast a wide net in our search process in order to identify a large set of genes to consider in follow-up tests, recognizing that some may be false positives (see [Dataset S1](#dataS1){ref-type="supplementary-material"}).

Fe(II) shock conditions. {#s3.9}
------------------------

Triplicate aerobic cultures of P. aeruginosa WT-pMQ72 and Δ*bqsR*-pMQ72 were grown in MOMM and 100 µg ⋅ ml^−1^ gentamycin at 37°C for 36 h. Anaerobic cultures were inoculated with 1% inoculum in MOMM, 100 µg ⋅ ml^−1^ gentamycin, and 1% arabinose. For qRT-PCR, when the cells reached early exponential phase (OD~500~ = 0.2), RNAprotect was added before and after a 30-min 200 µM (NH~4~)~2~Fe(SO~4~)~2~ ⋅ 6H~2~O shock to sample the "unshocked" and "shocked" states, respectively. For the RNA-Seq experiments, when the cells reached deep stationary phase (OD~500~ = 0.8), RNAprotect was added before and after a 30-min 200 µM (NH~4~)~2~Fe(SO~4~)~2~ ⋅ 6H~2~O shock. We are confident that Fe(II) induces transcriptional changes, not the counterion, sulfate, because MOMM contains a background of 1 mM sulfate. Additionally, previous 100 µM shock experiments were done with either FeCl~2~ or (NH~4~)~2~Fe(SO~4~)~2~ ⋅ 6H~2~O, and no difference in expression was seen ([@B9]).

BqsR regulon gene annotation and classification. {#s3.10}
------------------------------------------------

Genes seen in bioinformatic predictions and in the RNA-Seq data were manually annotated from the database with the lowest E value over the largest portion of the gene as viewed on the *Pseudomonas* Genome Database ([@B36]). Databases used include COG ([@B77]), TIGRFAM ([@B78]), Pfam ([@B79]), CD ([@B80]), prk ([@B81]), and SMART ([@B82]). To cluster genes with similar annotations, David ([@B37]) was set to medium stringency with all possible input databases and terms selected.

RNA-Seq processing. {#s3.11}
-------------------

An RNeasy kit (Qiagen) was used to isolate RNA, and the Ribo-Zero magnetic kit (epicenter) was used to deplete rRNA. The NEBNext mRNA Library prep kit for Illumina (NEB) was used to prepare cDNA libraries for sequencing. Libraries were sequenced on an Illumina HiSeq2500 with 15 million read sequencing depth at the Caltech Millard and Muriel Jacobs Genetics and Genomics Laboratory. To analyze the data, Trimmomatic version 0.32 ([@B83]) was used to trim the low-quality bases from the reads, with parameters set to LEADING:27 TRAILING:27 SLIDINGWINDOW:4:20 MINLEN:35. The trimmed reads were mapped to the genome using Bowtie 1.0.1 ([@B84]). SAMtools 0.1.19 ([@B85]) was used to sort the mapped reads. Read counts per gene or transcriptional unit were calculated using easyRNASeq ([@B86]), using .gff gene description files generated from the curated genome hosted by NCBI ([NC_008463.1](NC_008463.1)) (see [Dataset S2](#dataS2){ref-type="supplementary-material"}), modified by the results of the single nucleotide resolution sequencing published by Wurtzel et al. ([@B46]) (see [Dataset S3](#dataS3){ref-type="supplementary-material"}). Significance values for differential expression were determined ([@B47]) using Degust. The full data set is publicly available through the NCBI gene expression omnibus (GEO [GSE65393](GSE65393)).

mRNA isolation and qRT-PCR data analysis. {#s3.12}
-----------------------------------------

mRNA was isolated using the RNeasy minikit (Qiagen) with optional on-column DNA digestion according to the manufacturer's instructions. Subsequently, the RNA was treated with TURBO DNA-free (Applied Biosystems), the rigorous treatment protocol. cDNA was generated using the extracted RNA as a template for an iScript (Bio-Rad) random-primed reverse transcriptase reaction by following the manufacturer's protocol. The cDNA was used as the template for quantitative PCR (real-time 7500 PCR Machine; Applied Biosystems) using iTaq universal SYBR green supermix (Bio-Rad). The elimination of genomic contamination was confirmed by running a qRT-PCR control plate with mRNA. Samples were assayed with 3 to 5 biological replicates. *recA* and *clpX* were used as endogenous controls ([@B87]). Fold changes were calculated using the threshold cycle (ΔΔ*C~T~*) method ([@B9]). For further details, see the supplemental material.

Spermidine quantification by HPLC analysis. {#s3.13}
-------------------------------------------

Biological triplicates of the WT, *ΔbqsR*, and *ΔbqsS* strains were prepared in MOMM, 5 mM arginine, and 5 mM methionine (MOMM-AA), with either 5 µM or 75 µM Fe(II), and grown as described above. Cultures were harvested at an OD~500~ of ≈0.7 and extracted. Suspensions with 1,3-diaminopropane added as an internal standard were dabsylated and analyzed by HPLC according to the protocol by Koski et al. ([@B88]). For further details, see the supplemental material.

Polymyxin B killing curve. {#s3.14}
--------------------------

Triplicate WT and Δ*bqsR* cultures were grown anaerobically in MOMM-AA and 75 µM Fe(II) to an OD~500~ of 0.7. Aliquots were incubated anaerobically with either water or 25 µg ⋅ ml^−1^ polymyxin B for 2 h. Samples were plated onto LB every 30 min. CFU counts were taken after 24 and 48 h, incubating aerobically at 37°C.

MIC assays. {#s3.15}
-----------

Cells were inoculated anaerobically in MOMM (pH 7.2) with tobramycin (0 to 8 µg/ml), cefsulodin (0 to 128 µg/ml), sodium arsenate (0 to 16 µg/ml), and potassium chromate (0 to 2 µg/ml) in either 5 µM Fe(II) or 75 µM Fe(II). MIC~90~ was calculated at the time each strain achieved maximum OD~500~ in wells with no antibiotic added. Each assay was performed with biological triplicates, and results were confirmed on two separate occasions.

Sequencing data accession number. {#s3.16}
---------------------------------

The full sequencing data set can be found at the NCBI gene expression omnibus (GEO) under accession number [GSE65393](GSE65393).
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\(a\) Predicted sequence used to find TTAAG(N)6TTAAG used in the gel shift assays. (b) Native *bqs* sequence shows the exact sequence in front of the *bqs* operon that shows a gel shift when incubated with BqsR. (c) Fur box in *tonB* is the negative control showing no nonspecific DNA binding for BqsR. (d) Bqs in the TonB context shows the perfect BqsR tandem repeat exchanging the *bqs* flanking regions with the flanking 20 bp from *tonB*, and the gel shift shows that the BqsR sequence is sufficient to induce the gel shift. Download
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RT-PCR showing that PA14_63110, PA14_63120, PA14_63130, *pmrA*, and *pmrB* are in an operon. From top to bottom, the gel shows PCR products spanning the junctions between genes in cDNA, PCR products with genomic DNA, no bands observed for the mRNA, and no template. Download
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\(a\) Chromosomal complements for deletion strains in 100 µM Fe(II) shows that the Δ*bqsR::bqsR* (squares) and Δ*bqsS::bqsS* (triangles) strains have the same growth phenotype as the WT. (b) Growth curves performed in transposon mutants of BqsR-responsive genes and grown anaerobically in MOMM-AA and 200 µM Fe(II). The WT is plotted in dark blue in all graphs, and all transposon mutants show a moderate growth defect. The top graph shows the WT and the PA14_63110 transposon mutant, the middle graph plots the WT and the PA14_63120 mutant, and the bottom graph shows the WT and the *pmrA* mutant. (c) A growth curve showing 5 mM spermidine partially rescues Δ*bqsR* (squares) and Δ*bqsS* (triangles) growth deficiency in 100 µM Fe(II) compared to that of the WT (diamonds). Download
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\(a\) After 48 h of growth, the colonies were visible as shown; marked colonies on these images correspond to colonies visible after 24 h. The marked colonies after 48 h are the "large" colonies, and the unmarked colonies are the "small" colonies. For the Δ*bqsR* mutant 10^−3^ dilution, none of the colonies were present at 24 h, so all the colonies seen here were counted as small colonies. (b) A 25-µg/ml polymyxin B anaerobic kill curve in 75 µM Fe(II) that excludes the small-colony variants observed in Δ*bqsR* mutant (light gray) percent survival compared to the percent survival of the WT (dark gray). (c) When ferrozine or spermidine was added, the high Fe(II) tobramycin MIC was restored to WT levels in the mutant. Download
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Bioinformatic predictions. A "+" in the "regular expression" column indicates the gene in this row was identified by this technique. E values are for genes identified by the PWM. Download
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Gene analysis for RNA-Seq data for 200 µM Fe(II) shocked late-stationary-phase cells. Download
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Transcription unit analysis for RNA-Seq data for 200 µM Fe(II) shocked late-stationary-phase cells. Download
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